Introduction
============

Lung cancer (LC) is the most prevalent malignancy worldwide; 80% of the associated mortality is attributable to non-small-cell LC (NSCLC) cell.[@b1-ott-11-8201] Chromosomal changes or somatic mutations leading to the stimulation of protein kinase are responsible for cancer generation. Anaplastic lymphoma kinase (ALK) was the first identified fusion oncokinase, held accountable for 4%--6% of pulmonary adenocarcinomas.[@b2-ott-11-8201] ALK rearrangements have been reported in various cancers such as NSCLC, providing a novel target for treating a proportion of NSCLCs.[@b3-ott-11-8201] c-ros oncogene 1 (ROS1) is a member of the receptor tyrosine kinase family, which generates fusions and defines additional active oncogenic driver mutations with regard to NSCLC.[@b4-ott-11-8201],[@b5-ott-11-8201] Recent studies have proved that almost 1.4% of NSCLCs display rearrangements in ROS1. The discovery of selective and promising suppressors of ALK as well as ROS1 kinase has promoted research utilizing these agents as an innovative therapeutic approach to treat LC with positive ROS1 and ALK.

As the earliest second-generation ALK/ROS1 suppressor, ceritinib (LDK378) received US Food and Drug Administration approval in 2014 and is currently used in NSCLC therapy for patients resistant to crizotinib.[@b6-ott-11-8201]--[@b8-ott-11-8201] Although ceritinib is a remarkable drug, ceritinib resistance (CR) can develop. Recent research on ceritinib has reported that 60% of patients developed CR, while their cancers displayed no obvious mutations resistant to ALK.[@b9-ott-11-8201],[@b10-ott-11-8201] These findings indicate the possible existence of pathways besides those targeted by second-generation ALK suppressors.

Previous studies have demonstrated the existence of an autocrine loop between HER3 and its ligand NRG3 in prostate cancer, ovarian tumor, and melanoma.[@b11-ott-11-8201],[@b12-ott-11-8201] Research has suggested that NRG1--EGFR axis participates in the regulation of resistance to second-generation ALK suppressors such as ceritinib.[@b1-ott-11-8201] Consequently, the neuregulin-1 (NRG1) pathway serves as a promising target to treat NSCLC with positive ALK.

Meanwhile, afatinib, also called BIBW2992, suppresses HER2 as well as EGFR irreversibly and has been approved for the treatment of NSCLC with mutated EGFR in several countries. In two randomized Phase III trials, afatinib displayed a remarkable promotion of survival without progression in comparison to standardized doublet chemotherapy for NSCLC with mutated EGFR.[@b13-ott-11-8201],[@b14-ott-11-8201]

Therefore, we aimed to explore whether afatinib was able to recover CS in CR cells via suppression of the NRG1 axis.

Materials and methods
=====================

Cell culture and reagents
-------------------------

NSCLC cells H1299 and HCC78 with positive ALK or ROS1 were bought from the American Type Culture Collection (ATCC) (Manassas, VA, USA). DMEM supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA), 100 µg/mL streptomycin, and 100 U/mL penicillin was used for culturing under 5% CO~2~ at 37°C. Afatinib and ceritinib were bought from Selleckchem (Houston, TX, USA). NRG1 was bought from R&D Systems, Inc. (Minneapolis, MN, USA). Cells were preserved at −20°C.

Preparation of CR cells
-----------------------

CR cells (HCC78R and H1299R) were cultivated by increasing supplementation of the agents (1 µM) for 3 days. Cells resistant to agents underwent expansion and recovered growth rates similar to those of parent cells. Subsequently, cells that survived received supplement of agents for 3 additional days. This procedure was repeated until growth rates with 1 µM ceritinib were similar to those without ceritinib.

Quantitative real-time PCR (qRT-PCR)
------------------------------------

Separation of total RNA was carried out using the Mini RNA Isolation II Kit (Zymo Research, Orange, CA, USA). Total RNA (1 µg) was used to produce cDNA using the Super-Script II reverse transcriptase (Thermo Fisher Scientific). Primary denaturation of qRT-PCR was conducted as follows: 2 minutes at 94°C, 30 seconds at 94°C, 30 seconds at 58°C, and 1 minute at 72°C. After 35 amplification cycles, extra extension reactions were conducted for 10 minutes at 72°C.

MTT assay
---------

Plates with 96 wells were used to culture 2,000 cells in 100 µL of media. Every well received an additional 10 µL of MTT agent (Sigma-Aldrich Co., St Louis, MO, USA) at 5 mg/mL concentration. The media were drained after 4 hours. To promote the lysis of formazan crystals, 150 µL of DMSO was added to every well. The absorbance was recorded at 490 nm using a Thermo Fisher Spectrophotometer 1510 (Molecular Devices LLC, Sunnyvale, CA, USA). The survival rate was calculated as a ratio of the absorbance of supplemented cells to that of the control groups. This process was repeated thrice.

Apoptosis assay
---------------

Subsequently, cells that received supplementation underwent 10 minute staining with Hoechst 33342 and were observed using UV/488 dual stimulation under an inverted fluorescence microscope (DM16000B, Leica Microsystems, Wetzlar, Germany). Fluorescence was evaluated against the emission of Hoechst 33342 dye at 460 nm. Cell death manifested as fragmented nuclei. No \<200 cells were assessed from five randomly selected fields.

Western blot (WB)
-----------------

Cells were obtained and underwent washing with PBS. In order to obtain total protein to carry out WB, lysis buffer with protease suppressors was used. Proteins, totally 20 µg from the lysates, were placed on a SDS-PAGE and underwent electrophoresis. Nitrocellulose membrane was utilized in order to transfer the protein blots. Blocking solution including PBS, 5% skimmed milk, and 0.1% Tween-20 was supplemented for 1 hour at room temperature. Subsequently, overnight incubation of primary antibodies (anti-EGFR, anti-Actin, as well as anti-p-EGFR; Abcam, Cambridge, MA, USA) was done at 4°C. Tris-buffered saline containing 0.05% Tween-20, used for membrane bathing, was incubated for 90 minutes with secondary antibodies at room temperature. Enhanced chemiluminescence (ECL; Pierce, Rockford, IL, USA) was used to observe protein bands.

Statistical analysis
--------------------

The outcome is presented in the form of mean ± SD. One-way ANOVA or Student's *t*-test was utilized to evaluate the difference. SPSS 17.0 (SPSS Inc., Chicago, IL, USA) was adopted to carry out analyses. Results of a two-tailed test were regarded as significant at *P*\<0.05.

Results
=======

Extended ceritinib supplemented to LC cells brought about CR
------------------------------------------------------------

Repeated exposure to prolonged ceritinib addition was used to generate adaptive H1299 and HCC78 cells. Cells developed CR and were designated H1299R and HCC78R subsequent to intermittent ceritinib supplements (1 µM) for 3 days. The two kinds of cells were cultured with ceritinib (1 µM) to maintain resistance. CS in HCC78R and H1299R cells was lower by a factor of 10 times than that of the parent cells ([Figure 1A and B](#f1-ott-11-8201){ref-type="fig"}). Furthermore, ceritinib supplementation triggered cell death in parent cells, a reaction thoroughly eliminated in not only HCC78R cells but also in H1299R cells ([Figure 1C and D](#f1-ott-11-8201){ref-type="fig"}).

Afatinib efficiently promoted CS in both ceritinib-resistant and ceritinib-sensitive NSCLC cells
------------------------------------------------------------------------------------------------

In order to explore whether afatinib was able to promote the suppressive effect of ceritinib on the proliferation of CS HCC78 and H1299 cells, the effect of afatinib on cell viability at different concentrations in both two ceritinib-resistant cells and their parental cells was detected using the MTT assay first. The results showed that afatinib at concentration \<0.5 µM only gently impacted cell viability in both CR and parental cells. In contrast, high concentration of afatinib significantly suppressed the cell survival ([Figure 2A and B](#f2-ott-11-8201){ref-type="fig"}). Supplement of ceritinib noticeably decelerated the growth of HCC87 and H1299 cells ([Figure 2C and D](#f2-ott-11-8201){ref-type="fig"}). These cells supplemented with afatinib (200 nM) experienced CS ([Figure 2C and D](#f2-ott-11-8201){ref-type="fig"}). Furthermore, cell death triggered by ceritinib in both parent cells was remarkably promoted by treatment with both afatinib and ceritinib together ([Figure 2E and F](#f2-ott-11-8201){ref-type="fig"}).

Subsequently, our research investigated whether afatinib was able to attenuate CR in LC cells. Findings from MTT assays suggested that HCC78R and H1299R cells displayed stronger CR than did parent cells. However, afatinib addition noticeably promoted the CS of both resistant cell types ([Figure 3A and B](#f3-ott-11-8201){ref-type="fig"}). Despite the fact that afatinib failed to promote cell death in these two resistant classes of cells, the combination of afatinib and ceritinib triggered cell death iñ60% of HCC78R and H1299R cells ([Figure 3C and D](#f3-ott-11-8201){ref-type="fig"}).

Afatinib decreased NRG1 pathway stimulation in not only CS cells but also in CR cells
-------------------------------------------------------------------------------------

In order to illuminate how afatinib counteracted acquired CR, our research investigated the effect of afatinib on stimulation of the NRG1--EGFR pathway, which was demonstrated to participate in CR.[@b13-ott-11-8201] First, WB was done for both CS HCC78 and H1299 cells. The results showed that afatinib reduced the phosphorylation of EGFR with or without ceritinib, while ceritinib alone promoted its phosphorylation ([Figure 4A and B](#f4-ott-11-8201){ref-type="fig"}). Reverse transcriptase-PCR (RT-PCR) revealed that transcription of EGF-like ligand NRG1 was elevated subsequent to ceritinib addition. Afatinib remarkably reduced NRG1 transcription with or without ceritinib ([Figure 4C and D](#f4-ott-11-8201){ref-type="fig"}).

Taking into consideration the stimulation of NRG1 pathway in parent cells as well as CR cells, phosphorylation of EGFR and transcription of NRG1 were remarkably elevated in HCC78R and H1299R cells ([Figure 5A--D](#f5-ott-11-8201){ref-type="fig"}). In conformity with ceritinib sensitivity (CS) cells, afatinib remarkably reduced the promoted phosphorylation of EGFR and transcription of NRG1 with or without ceritinib owing to the long-term supplementation of ceritinib ([Figure 5A--D](#f5-ott-11-8201){ref-type="fig"}).

Afatinib counteracted CR triggered by NRG1 in human LC cells
------------------------------------------------------------

Forty-eight-hour culture in medium containing NRG1 reduced the CS of HCC78 and H1299 cells, as revealed by the MTT assay, but afatinib supplement recovered CS ([Figure 6A and B](#f6-ott-11-8201){ref-type="fig"}). Furthermore, the use of ceritinib and afatinib together remarkably triggered cell death in HCC78 and H1299 cells cultivated in media containing NRG1 ([Figure 6C and D](#f6-ott-11-8201){ref-type="fig"}).

Discussion
==========

This study demonstrated that afatinib can promote CS in CS cells and counteract CR in CR cells with the help of ceritinib. The counteracting influence of afatinib on CR was because of its capability to decrease NRG1 stimulation. Additionally, we established that the combination of both ceritinib and afatinib counteracted CR in NSCLC patients with positive ROS1 or ALK.

Rearrangement of ALK usually leads to remarkable reactions to the first generation of ALK suppressors including crizotinib. However, drug resistance occurs unavoidably.[@b15-ott-11-8201]--[@b21-ott-11-8201] Apart from progress in the second generation of ALK suppressors, adding secondary agents with crizotinib could serve as an innovative strategy to counteract CR. Recent studies have explored the effect of the combined application of crizotinib and pemetrexed or some targeted reagents like an Hsp90 suppressor in terminal NSCLC with positive ALK.[@b22-ott-11-8201] Since resistance to the second generation of ALK suppressors including ceritinib exists,[@b23-ott-11-8201] investigation of the promising joint therapy could suggest innovative approaches to treat NSCLC with positive ALK or ROS1 instead of relying on the successful preparation of ALK suppressors.

As a member of the second generation of pan-EGFR tyrosine kinase inhibitor, which has received FDA approval, afatinib irreversibly binds to HER4, HER2, and EGFR1,[@b24-ott-11-8201],[@b25-ott-11-8201] leading to persistent suppression in comparison with the first generation of TKI suppressors, such as erlotinib and gefitinib.[@b26-ott-11-8201],[@b27-ott-11-8201] Previous research has demonstrated that afatinib remarkably suppresses the proliferation of tumors, which excessively express either wild-type HER2 and/or EGFR1 or EGFR1 with L858R/T790M dual mutations.[@b26-ott-11-8201],[@b27-ott-11-8201] Furthermore, it has been proved by in vitro studies in hypo-pharyngeal cell line FaDu that afatinib suppresses growth and promotes sensitivity to radiotherapy.[@b24-ott-11-8201],[@b25-ott-11-8201] In our study, afatinib supplementation promoted CS in HCC78 and H1299 cells. Furthermore, in terms of HCC78R and H1299R cells, the addition of afatinib counteracted resistance. Inhibited growth as well as promoted cell death could serve as the mechanism of the combination of two agents, which was evidenced via MTT and fragmented nuclei calculation.

Throwing light upon how afatinib counteracts CR is crucial to the generation of innovative reagents to treat ALK/ROS1 NSCLC. Currently, NRG1--EGFR axis is related to CR. NRG1 concentration seems to be linked to the risk of human tumors.[@b28-ott-11-8201] Generally, elevated levels of EGFR are linked to increased mortality.[@b29-ott-11-8201],[@b30-ott-11-8201] With studies available on specific suppressors of NRG1, indications that malignant cells with NRG1 expression could respond to EGFR suppressors and EGFR TKIs are able to decrease EGFR expression and downstream agents.[@b31-ott-11-8201] One recent study also revealed that gene fusions involving the ERBB ligand gene, NRG1, might lead to the expression and presentation of the EGF-like domain of NRG1 on the cell surface, which binds to ERBB3 in an autocrine and juxtacrine manner, thus inducing the formation of ERBB2--ERBB3 heterodimers and subsequent activation of the PI3K--AKT and MAPK signaling pathways.[@b32-ott-11-8201] We discovered that afatinib supplement decreased the stimulation of NRG1 pathway in both parent cells and CR cells, which was expected. Furthermore, afatinib counteracted resistance triggered by NRG1 in both sets of parent cells. This indicates that afatinib counteracts CR via the suppression of NRG1 pathway.

Conclusion
==========

Our study elucidated that NRG1--HER3--EGFR participates in the regulation of CR in ALK/ROS1 NSCLC. Afatinib is able to counteract CR in ALK/ROS1 NSCLC cells by the inhibition of NRG1 axis, indicating a promising innovative approach to overcome CR in ALK/ROS1 NSCLC.
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![Extended therapy of human LC cells with ceritinib induced CR.\
**Notes:** (**A**) H1299R (generated by ceritinib supplement to H1299 cells) and (**B**) HCC78R (generated by ceritinib supplement to HCC78 cells), as well as corresponding parent cells, received the supplement of ceritinib for 4 days. MTT assay was used to evaluate the survival. (**C**) H1299R and (**D**) HCC78R, as well as corresponding parent cells, received the supplement of 500 nM ceritinib for 2 days. Calculation of fragmented as well as condensed nuclei was used to evaluate cell death. Data are presented as mean ± SD from three independent experiments. \*\**P*\<0.01, ceritinib vs control.\
**Abbreviations:** CR, ceritinib resistance; LC, lung cancer.](ott-11-8201Fig1){#f1-ott-11-8201}

![Afatinib promoted CS in CS LC cells.\
**Notes:** (**A**) H1299R and (**B**) HCC78R, as well as corresponding parent cells, received supplement of afatinib for 4 days. MTT assay was used to evaluate the survival. (**C**) H1299 and (**D**) HCC78 cells received the supplement of 500 nM ceritinib, 200 nM afatinib, or both at specific time points. MTT assay was used to evaluate the survival. (**E**) H1299 and (**F**) HCC78 cells received the supplement of 500 nM ceritinib, 200 nM afatinib, or both for 2 days. Cell death was evaluated by the calculation of fragmented as well as condensed nuclei. Data are presented as mean ± SD from three independent experiments. \**P*\<0.01 and \*\**P*\<0.01, ceritinib + afatinib vs ceritinib.\
**Abbreviations:** CS, ceritinib sensitivity; LC, lung cancer.](ott-11-8201Fig2){#f2-ott-11-8201}

![Afatinib promoted CS in CR LC cells.\
**Notes:** (**A**) H1299R and (**B**) HCC78R cells received the supplement of 500 nM ceritinib, 200 nM afatinib, or both at specific time points. MTT assay was used to evaluate survival. (**C**) H1299R and (**D**) HCC78R cells received the supplement of 500 nM ceritinib, 200 nM afatinib, or both for 2 days. Cell death was evaluated by the calculation of fragmented as well as condensed nuclei. Data are presented as mean ± SD from three independent experiments. \*\**P*\<0.01, ceritinib + afatinib vs ceritinib.\
**Abbreviations:** CS, ceritinib sensitivity; CR, ceritinib resistance; LC, lung cancer.](ott-11-8201Fig3){#f3-ott-11-8201}

![Afatinib decreased NRG1 pathway stimulation in CS LC cells.\
**Notes:** (**A**) H1299 and (**B**) HCC78 cells, as well as corresponding parent cells, received the supplement of 500 nM ceritinib, 200 nM afatinib, or both for 2 days. WB was used to evaluate the expression of certain proteins. (**C**--**D**) RT-PCR was used to assess NRG1 transcription. Data are presented as mean ± SD from three independent experiments. \*\**P*\<0.01, ceritinib + afatinib vs ceritinib.\
**Abbreviations:** CS, ceritinib sensitivity; LC, lung cancer; WB, Western blot.](ott-11-8201Fig4){#f4-ott-11-8201}

![Afatinib decreased NRG1 pathway stimulation in CR LC cells.\
**Notes:** (**A**) H1299R and (**B**) HCC78R cells, as well as corresponding parent cells, received the supplement of 500 nM ceritinib, 200 nM afatinib, or both for 2 days. WB was used to evaluate the expression of certain proteins. (**C**--**D**) NRG1 transcription was assessed by RT-PCR. Data are presented as mean ± SD from three independent experiments. \*\**P*\<0.01, ceritinib + afatinib vs ceritinib.\
**Abbreviations:** CR, ceritinib resistance; LC, lung cancer; WB, Western blot.](ott-11-8201Fig5){#f5-ott-11-8201}

![Afatinib counteracted CR triggered by NRG1 in LC cells.\
**Notes:** (**A**) H1299 and (**B**) HCC78 cells received the supplement of 100 ng/mL NRG1 or 100 ng/mL NGRI and 200 nM afatinib and subsequently underwent incubation with ceritinib for 4 days. MTT assay was used to evaluate the survival. (**C**) H1299 and (**D**) HCC78 cells received the supplement of 100 ng/mL of NRG1 and subsequently underwent incubation with 500 nM ceritinib, 200 nM afatinib, or both for 2 days. Cell death was evaluated by the calculation of fragmented as well as condensed nuclei. Data are presented as mean ± SD from three independent experiments. \*\**P*\<0.01, ceritinib + afatinib vs ceritinib.\
**Abbreviations:** CR, ceritinib resistance; LC, lung cancer.](ott-11-8201Fig6){#f6-ott-11-8201}
